Isolated medial longitudinal fasciculus (MLF) syndrome due to infarction limited only to the midbrain is a rare occurrence. The MLF are a group of fiber tracts located in the paramedian area of the midbrain and pons. They control horizontal eye movements by interconnecting oculomotor and abducens nuclei in the brain stem. Such small infarcts can easily be overlooked by young neuroradiologists and trainees. In this review, we discuss the clinical and imaging characteristics, comprehensive review of the anatomy, pathophysiology, and differential diagnosis.
Introduction
Isolated medial longitudinal fasciculus (MLF) syndrome due to infarction limited only to the midbrain is a rare occurrence. The MLF are a group of heavily myelinated tracts located in the paramedian area of the midbrain and pons. They control horizontal (conjugate) eye movements by interconnecting the paramedian pontine reticular formation (PPRF)-abducens nucleus complex of the ipsilateral side and the oculomotor nucleus of contralateral side. In this review, we discuss the clinical and imaging characteristics of this clinical entity followed by a comprehensive review of the anatomy and pathophysiology. The clinical and imaging data of patients with isolated MLF syndrome were analyzed.
Cases

Case 1
A 64-year-old man with a 10-year history of type 2 diabetes mellitus (DM) presented with a one-day history of diplopia. On examination, the patient observed double vision while looking at objects on his right side. Magnetic resonance imaging (MRI) revealed a tiny high T2/fluid-attenuated inversion recovery signal with restricted diffusion (DWI) in the left paramedian caudal midbrain tegmentum, with no blooming on the gradient image (Figure 1(a) -(e)). Sagittal and coronal DWI images confirmed a left paramedian tegmental acute infarct (Figure 1 (f) and (g)).
Case 2
A 66-year-old woman with a five-year history of type 2 DM, hypertension, and hyperlipidemia presented to the emergency department with acute onset one-day history of double vision and vertigo. An MRI revealed an acute infarct in the expected location of the left MLF in the caudal midbrain (Figure 2(a)-(c) ).
Ocular movement testing in both patients revealed restricted adduction of the left eye and nystagmus of the abducting right eye (internuclear opthalmoplegia [INO] ; Figure 3 ). There was no evidence of anisocoria, convergence deficit, ptosis, or motor weakness. Neurologically, both patients were intact, with no sensory or motor deficits.
Discussion
Isolated MLF syndrome due to infarction limited only to midbrain is rare compared with pontine infarction. [1] [2] [3] [4] The closest differential diagnosis is partial oculomotor palsy. MLF syndrome can be easily differentiated from it due to intact convergence. 1 To the best of our knowledge, this is the second case of isolated MLF syndrome due to pure midbrain infarction. The first case was reported by Kobayashi et al. in which the patient presented with diplopia looking to the left side. Adduction abnormality was demonstrated in the right eye on examination, with an acute infarct in the right paramedian caudal midbrain tegmentum. 
Anatomy and pathophysiology
The pathologic lesions seen on MRI are topographically well correlated with the brain-stem pathways and with horizontal eye-movement disorder ( Figure 4 ). The majority of lesions are small acute infarcts and are demonstrated in the posterior region of the pons (less commonly in the midbrain), which corresponds well to the expected location of the brain-stem pathways ( Figure 5 ). 5, 6 Awareness of the anatomy and brainstem pathways controlling horizontal eye movements is necessary in order to prevent missing small midbrain/pons lesions.
Horizontal eye movements are produced by the internuclear connections between abducens and oculomotor nuclei ( Figure 6 ). The signal is generated in the PPRF. A signal from the PPRF stimulates the ipsilateral cranial nerve (CN) VI nucleus (abducens) and nerve to contract the ipsilateral lateral rectus muscle (abduction of ipsilateral eye). Signals from the abducens nucleus is also transmitted to the contralateral CN III (oculomotor) nucleus through the MLF, activating the CN III, causing contraction of contralateral medial rectus muscle (adduction of contralateral eye).
5,7,8
PPRF
The PPRF is located in the tegmentum of the pons, with afferents connections from the cortex. 9 Afferent impulses originate from the frontal and parietal eye fields, which travel along the internal capsule and cerebral peduncle to decussate to the opposite side to innervate the PPRF. 10 Excitatory impulses are then transmitted to the ipsilateral abducens nucleus. 5 
Abducens nucleus and nerve
The abducens nucleus is located in the floor of the fourth ventricle at the level of the mid to lower pons. 5, 9 CN VI exits the brain stem just above the medullary pyramids from the medullopontine sulcus and runs superolaterally in the prepontine cistern ( Figure 7 ). The nerve then pierces the dura in the Dorello canal (petroclival venous confluence). From the Dorello canal, the nerve passes through the cavernous sinus and is located medially, medial to the oculomotor and trochlear nerve. 11, 12 It enters the orbit via the superior orbital fissure to supply the lateral rectus muscle. Pathologies of the abducens nucleus and nerve cause horizontal movement disorders (lateral gaze palsy). 5 
MLF
The MLF consist of longitudinal white matter tracts located dorsally in the brain stem that ascend on either side of the midline to project primarily on nuclei controlling the extraocular muscles. The CN VI nucleus in the inferior aspect of the dorsal pons sends axonal connections across the midline that ascend via the MLF to synapse on the contralateral CN III nucleus motor neurons in the midbrain, at the level of the superior colliculi. 13 Lesions in the MLF in these regions cause INO.
Oculomotor nucleus and nerve
The oculomotor nucleus is located in the midline pretectal region of upper midbrain, ventrolateral to the cerebral aqueduct at the level of the superior colliculi. 5, 9 The CN III exits medial to the cerebral peduncles and runs through the interpeduncular cistern anteroinferiorly between the posterior cerebral artery and the superior cerebellar artery, piercing the dura and passing along the superolateral wall of the cavernous sinus (Figure 8 ). The nerve then divides into superior and inferior divisions just posterior to the orbital apex and enters the orbit via the superior orbital fissure. Superior division supplies the levator palpebrae superioris and superior oblique and the inferior division supplies the medial rectus, inferior rectus, and inferior oblique muscles. Lesions of the oculomotor nerve and nucleus cause both horizontal and vertical eye-movement disorders. 5 
Differential diagnosis
Conditions that cause horizontal eye-movement disorders are the differential diagnosis of MLF syndrome (Figure 3; INO) . 5 These include:
Lateral gaze palsy. Lateral gaze palsy is caused by lesions of the PPRF or abducens nucleus ( Figure 9 ). Failure of signal output from PPRF or abducens nucleus causes restriction of abduction of ipsilateral eye. Simultaneous output to contralateral MLF is also lost, leading to lack of excitation to the oculomotor nucleus and nerve, causing restriction of adduction of the contralateral eye.
14 Abducens nerve palsy. Lesions affecting the peripheral abducens nerve (Figure 10 ) cause restriction of abduction of the ipsilateral eye with preserved adduction of the contralateral eye.
15
One-and-half syndrome. This occurs due to lesions in the dorsal pontine tegmentum that affects the ipsilateral PPRF or abducens nucleus and ipsilateral MLF. 5, 16 This leads to lateral gaze palsy in the ipsilateral direction and INO in the contralateral gaze ( Figure 11 ). Lesions in one-and-half syndrome tend to be larger than those causing lateral gaze palsy and INO.
Conclusion
Isolated MLF syndrome due to infarction limited only to the midbrain is a rare occurrence. It is differentiated from partial oculomotor palsy due to intact convergence. 
